Deep Learning for Osteoporosis Classification Using Hip Radiographs and Patient Clinical Covariates by Yamamoto, Norio et al.
biomolecules
Article
Deep Learning for Osteoporosis Classification Using
Hip Radiographs and Patient Clinical Covariates
Norio Yamamoto 1 , Shintaro Sukegawa 2,3,* , Akira Kitamura 4, Ryosuke Goto 4,
Tomoyuki Noda 5, Keisuke Nakano 3 , Kiyofumi Takabatake 3, Hotaka Kawai 3,
Hitoshi Nagatsuka 3, Keisuke Kawasaki 1, Yoshihiko Furuki 2 and Toshifumi Ozaki 6
1 Department of Orthopaedic Surgery, Kagawa Prefectural Central Hospital, Takamatsu,
Kagawa 760-8557, Japan; lovescaffe@yahoo.co.jp (N.Y.); kkeisuke@a1.mbn.or.jp (K.K.)
2 Department of Oral and Maxillofacial Surgery, Kagawa Prefectural Central Hospital, 1-2-1, Asahi-machi,
Takamatsu, Kagawa 760-8557, Japan; furukiy@ma.pikara.ne.jp
3 Department of Oral Pathology and Medicine, Graduate School of Medicine, Dentistry and Pharmaceutical
Sciences, Okayama University, Okayama 700-8525, Japan; keisuke1@okayama-u.ac.jp (K.N.);
gmd422094@s.okayama-u.ac.jp (K.T.); de18018@s.okayama-u.ac.jp (H.K.); jin@okayama-u.ac.jp (H.N.)
4 Search Space Inc., Tokyo 151-0072, Japan; akira@searchspace.cloud (A.K.); ryosuke@searchspace.cloud (R.G.)
5 Department of Musculoskeletal Traumatology, Okayama University Graduate School of Medicine,
Dentistry and Pharmaceutical Sciences, Okayama 700-8558, Japan; tnoda@md.okayama-u.ac.jp
6 Department of Orthopaedic Surgery, Okayama University Graduate School of Medicine, Dentistry and
Pharmaceutical Sciences, Okayama 700-8558, Japan; tozaki@md.okayama-u.ac.jp
* Correspondence: gouwan19@gmail.com; Tel.: +81-87-811-3333; Fax: +81-87-835-8363
Received: 4 September 2020; Accepted: 8 November 2020; Published: 10 November 2020 
Abstract: This study considers the use of deep learning to diagnose osteoporosis from hip radiographs,
and whether adding clinical data improves diagnostic performance over the image mode alone.
For objective labeling, we collected a dataset containing 1131 images from patients who underwent
both skeletal bone mineral density measurement and hip radiography at a single general hospital
between 2014 and 2019. Osteoporosis was assessed from the hip radiographs using five convolutional
neural network (CNN) models. We also investigated ensemble models with clinical covariates added
to each CNN. The accuracy, precision, recall, specificity, negative predictive value (npv), F1 score,
and area under the curve (AUC) score were calculated for each network. In the evaluation of the
five CNN models using only hip radiographs, GoogleNet and EfficientNet b3 exhibited the best
accuracy, precision, and specificity. Among the five ensemble models, EfficientNet b3 exhibited the
best accuracy, recall, npv, F1 score, and AUC score when patient variables were included. The CNN
models diagnosed osteoporosis from hip radiographs with high accuracy, and their performance
improved further with the addition of clinical covariates from patient records.
Keywords: osteoporosis; deep learning; hip radiograph; ensemble model
1. Introduction
Approximately 50% of women and 20% of men will experience osteoporotic fractures in their
lifetime [1]. The standard test for diagnosing osteoporosis is the estimation of bone mineral density
(BMD) in the proximal femur and lumbar spine with dual-energy X-ray absorptiometry (DXA).
The US Preventive Services Task Force has recommended screening for osteoporosis with BMD to
prevent osteoporotic fractures in women 65 years and older [2]. The early diagnosis of osteoporosis is
important for the prevention of osteoporotic fractures because therapeutic drug treatments fractures,
because treatments are more effective in the early stages of the condition, before fractures have
appeared [3]. One disadvantage of using DXA is the occurrence of relevant measurement errors that
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caused by the surrounding soft tissues [4,5]. Other disadvantages include radiation exposure and
high device costs [6,7]. Easy access to bone densitometry examinations is important, particularly in
developing countries.
Osteoporosis is an insidious skeletal disease in which the density (and calcium content) of the
bones decreases; X-rays can aid in its detection [8]. The Singh index is a typical classification system for
the bone density of the femoral neck based on the qualitative visibility of trabecular types [9]. On the
other hand, quantitative assessment using hip X-ray imagery, such as estimating the ratio of the cortical
width to the total width, has been performed since approximately 1970 [10]. The cortical-thickness
index has been found to be significantly correlated with the BMD at the femoral neck and with
predictions of the fracture-risk assessment tool [11,12]. Moreover, the canal bone ratio exhibits a strong
correlation with the T-score and has the best overall performance in diagnosing osteoporosis with
receiver operating characteristic (ROC) curve analysis [13]. In this manner, clinicians have diagnosed
osteoporosis using the bone morphology of hip radiographs.
Artificial intelligence (AI) has been used as an adjunct technology for imaging interpretation,
and as an initial screening tool [14]. A 2019 review article reported that recent developments in AI
have led to successful applications aiding osteoporosis diagnosis [15]. The following modalities have
been used: dental radiographs [16,17], spine radiographs [14,18], hand and wrist radiographs [19–22],
DXA imaging [23,24], and spine computed tomography [25,26]. However, two reports are available on
osteoporosis diagnosis from hip radiographs using machine learning [27,28]. To our knowledge, no
study has yet reported on osteoporosis diagnosis based on hip radiographs using deep learning (DL).
Image-only models can be used to augment human interpretations. Although DL studies on
various image-based osteoporosis-prediction methods have been published, these did not consider
patient covariates, which clinicians use when estimating the pre-test probability during the decision
process. Patient and healthcare process variables impress patterns into observational healthcare data,
and these patterns can be learned by statistical learning algorithms [29]. Hip fracture diagnosis was
predicted moderately well from images alone (area under the curve (AUC) = 0.78), and the prediction
was improved by combining image features with patient data (AUC = 0.86) [29]. The direct extension
of DL image models with known covariates can improve the model performance, which would be
extremely useful in a clinical setting.
We hypothesized that combining image features with patient data would improve the accuracy of
osteoporosis diagnosis. The purpose of this study was to diagnose osteoporosis with hip radiographs
using DL, and to investigate whether adding clinical data would improve the diagnostic performance
compared to the image mode alone.
2. Materials and Methods
2.1. Study Design
The purpose of this study is to classify the presence or absence of osteoporosis from hip radiographs
of the hip joint. We used a segmented dataset to mimic the diagnostic range of osteoporosis in the
DXA method. In addition, clinical covariates extracted from clinical records were added to the dataset.
Several different convolutional neural networks (CNNs) were used to diagnose osteoporosis from
hip radiographs. We investigated the accuracy of the predictive diagnosis of osteoporosis from the
combination of clinical covariates with the various CNN models.
2.2. Data Acquisition
We retrospectively used clinical and image data from March 2014 to December 2019. This study
was approved by the Institutional Review Board of the Kagawa Prefectural Central Hospital (Approval
No. 894). This study involved 1223 consecutive patients 60 years of age or older who had hip
radiographs and who underwent DXA at our hospital six months before and after the date that the hip
radiograph was performed.
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In this study, the term “hip fracture” refers to a femoral neck or trochanteric fracture.
We excluded the following images: 50 images of osteoarthritis with femoral head deformity,
32 unclear or poor images, 7 images showing artificial objects made of materials such as metal, 2
showing femoral bone deformity following prior fractures, and 1 showing pathological fracture. Thus,
1131 hips (708 fractured and 423 non-fractured) remained for further analysis.
2.3. Data Preprocessing
Simple hip radiographs of each patient were used to acquire the images. All images were output
in TIFF format (size: 2836 × 2373 pixels) from the Kagawa Prefectural Central Hospital PACS system
(HOPE Dr ABLE-GX, FUJITSU Co., Tokyo, Japan). For the images, we performed segmentation of the
hip joint area. Six orthopedic surgeons manually placed and cropped areas of interest on the X-ray
images using Photoshop Elements (Adobe Systems, Inc., San Jose, CA, USA) under the supervision of
an orthopedic specialist (N.Y., an author of this paper).
The side of the hip measured using DXA was selected as the cropped side in the pre-analysis
image-cropping method. The lines of the femoral head and the inferior margin of the lesser trochanter
were selected and cropped to include the lines of the femoral head and the inferior margin of the lesser
trochanter, as illustrated in Figure 1, as the range cropped with the DXA measurement. The cropped
area imitated the osteoporosis diagnosis range obtained using the DXA method. The cropped images
were saved in PNG format. None of the orthopedic surgeons who performed the cropping were
informed of the patient’s BMD status.
Figure 1. Hip radiograph before analysis, showing region of interest that was cropped.
2.4. Diagnosis of Osteoporosis
BMD measurements (g/cm2) were performed at the hip through DXA (HOLOGIC Horizon-A,
Apex software version 13.6.0.4, Bedford, MA, USA) by trained personnel using equal measurement
routines. The standard position was used and the scanned image adhered to the following criteria [30]:
the hip joint was located in the center of the image, with 15◦ to 25◦ internal rotation, with the femur
neck, head, and greater trochanter completely in the image. The measurement was normally performed
at the left hip. When the left hip had a metal implant or a high degree of deformity, the right hip was
selected. The investigated parameters included the BMD (g/cm2) and T-score, which were generated
automatically. Osteoporosis was diagnosed if the T-score of the bone density obtained by DXA was
less than −2.5, following World Health Organization diagnostic criteria [31].
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2.5. Clinical Covariates
Osteoporotic fractures are common fracture types, and age, gender, and body mass index (BMI)
are clinically important risk factors [32]. Four clinical covariates types, namely age, sex, BMI, and
history of hip fracture, were accordingly selected from the clinical factors of patients with osteoporosis
in the study. The BMI is the weight in kilograms divided by the square of the height in meters
(kg/m2). The height and weight were recorded at the time of the BMD measurement. A history of hip
fracture was also selected as a patient factor because hip fractures affect the secondary fracture among
osteoporotic fractures [33].
The clinical and demographic characteristics of patients in the hip radiographic image dataset in
this study are presented in Table 1.
Table 1. Clinical and demographic characteristics of the hip radiographic dataset in this study.
Osteoporosis Non-Osteoporosis
p Value
(T-Score ≤ −2.5) (T-Score > −2.5)
Number of patients 598 535
Sex <0.0001
Female (%) 506 (84.6) 371 (69.3)
Male (%) 92 (15.4) 164 (30.7)
Mean age (SD, min-max) 82.7 (8.3, 60, 100) 77.7 (9.0, 60–98) <0.0001
BMI (SD, min-max) 20.1 (3.1, 13.3–29.0) 23.3 (9.0, 14.1–39.2) <0.0001
History of hip fracture (%) 250 (41.8) 157 (29.3) <0.0001
2.6. CNN Model Architecture
The performance of the following CNN models was evaluated: (1) ResNet18 [34], (2) ResNet34 [34],
(3) GoogleNet [35], (4) EfficientNet b3 [36], and (5) EfficientNet b4 [36]. We selected ResNet and
GoogleNet, the former winners of the ImageNet Large Scale Visual Recognition Challenge, a competition
of computer-based image recognition models, as the CNNs. We also used EfficientNet, a state-of-the-art
CNN model that is relatively smaller and faster than the other CNN models.
All CNNs were used for transfer learning with fine-tuning because a pretrained model reduces
the training time and the number of images required to create a suitable classifier [37]. The DL process
was performed with the Python package PyTorch.
After creating the branches of the image data with the CNN, a two-layered perceptron was created
for the clinical covariates branches. Finally, the image data processed by the CNN were combined with
the clinical covariates and output as a fully connected layer.
The dataset was randomly divided into training, validation, and testing sets in a ratio of 8:1:1.
This study was performed using a Tesla P100 graphical processing unit. Various data augmentation
techniques were used to prevent overfitting owing to the small dataset size. The training images
were randomly rotated from −25 to 25, with a 50% chance to flip vertically and 50% chance to flip
horizontally. Moreover, the darkness was randomly changed by −5% to 5% and the contrast by −5%
to 5%. During learning, data augmentation was applied only to the training image data when the
images were taken out in batches. Each training image was processed with a 50% chance of data
augmentation. The optimizer, weight decay, and momentum were common to all the CNNs. In this
study, the optimizer used stochastic gradient descent, and the weight decay and momentum were 0
and 0.9, respectively. A learning rate of 0.01 was used for EfficienctNet b3 and b4; 0.001 was used for
the other CNNs. All the models analyzed a maximum of 100 epochs. We used the early stop method
to terminate data augmentation if the validation error did not update 20 times in a row.
2.7. Architecture of the Ensemble Model
The ensemble model combines the above CNN mentioned model with structural data and tries to
classify the diagnosis of osteoporosis. As a preparation, we preprocessed the structural data. Age and
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BMI translate mean normalization, and sex and history of fractures translated into a One-hot vector
representation. As a result, 1 × 6 dimensional vectors were created. Extracted from the convolutional
layers in the CNN of the image, the one-dimensional reshaped result and the 1 × 6 dimensional data
created from the structural data were combined.
Finally, these results were put into the fully connected layer, and the prediction of the final training
model was output (Figure 2).
Figure 2. A neural-network model architecture that ensembles image data and clinical covariates.
2.8. Performance Metrics
The CNN models used in the modality-specific transfer learning with fine-tuning and ensemble
learning were evaluated in terms of the following performance metrics: (1) accuracy, (2) precision
(positive predictive value; ppv), (3) recall (sensitivity), (4) specificity, (5) negative predictive value
(npv), (6) F1 score, and (7) AUC score.
accuracy =
TP + TN
TP + FP + TN + FN
(1)
precision =
TP
TP + FP
(2)
recall =
TP
TP + FN
(3)
specificity =
TN
TN + FP
(4)
negative predictive value =
TN
TN + FN
(5)
F1 score = 2×
precision × recall
precision + recall
(6)
TP and TN indicate the number of true positive and true negative results, respectively, whereas
FP and FN indicate the number of false positives and negatives. We also calculated the ROC curve and
measured the AUC.
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2.9. Visualization of Computer-Assisted Diagnostic System
Guided Grad-CAM provides a direct visualization of the values in a map, and is a combination of
the Grad-CAM [38] and back-propagation visualization [39] techniques. It shows information that
is significant for classification: the high gradient of the input to the last convolutional layer. In this
study, the heat map visualizations were displayed relative to the range of values in the image. All the
visualizations were performed using iridescent map projections. Within the region of interest, high
attenuation was shown in green and low attenuation in red.
3. Results
3.1. Prediction Performance
3.1.1. Hip Radiographic Image
The performance evaluation of the five CNN models using only hip radiographs is presented
in Table 2. EfficientNet b3 and GoogleNet were unsurpassed in accuracy (0.8407), precision (0.8929),
and specificity (0.8824). ResNet34 was unsurpassed in accuracy (0.8407), F1 score (0.8500), and AUC score
(0.9203). EfficientNet b4 was the best CNN model in recall (0.8548) and negative predictive value (0.8085).
Table 2. Prediction performance on hip radiographic-image data only.
Accuracy Precision Recall Specificity npv F1 Score AUC Score
ResNet18 0.7876 0.8654 0.7258 0.8627 0.7213 0.7895 0.9089
ResNet34 0.8407 0.8793 0.8226 0.8627 0.8000 0.8500 0.9203
GoogleNet 0.8407 0.8929 0.8065 0.8824 0.7895 0.8475 0.9064
EfficientNet b3 0.8407 0.8929 0.8065 0.8824 0.7895 0.8475 0.9089
EfficientNet b4 0.8053 0.8030 0.8548 0.7451 0.8085 0.8281 0.8786
(npv: negative predictive value).
3.1.2. Hip Radiographic Image-Connected Clinical Covariates
Table 3 presents the performance evaluation for hip radiographs combined with clinical covariates
analysis. EfficientNet b3 was unsurpassed in accuracy (0.8850), recall (0.8871), negative predictive
value (0.8654), F1 score (0.8943), and AUC score (0.9374). ResNet34 exhibited the best precision (0.9273)
and specificity (0.9216). Very interestingly, the addition of clinical covariates resulted in an increase
in almost all performance metrics in all CNN networks over the analysis of hip radiographs alone
(Table 4). Figure 3 shows the ROC curves for both cases.
Table 3. Prediction performance on hip radiographic images with clinical covariates.
Accuracy Precision Recall Specificity npv F1 Score AUC Score
ResNet18 0.8407 0.8667 0.8387 0.8431 0.8113 0.8525 0.9190
ResNet34 0.8673 0.9273 0.8226 0.9216 0.8103 0.8718 0.9219
GoogleNet 0.8584 0.8966 0.8387 0.8824 0.8182 0.8667 0.9330
EfficientNet b3 0.8850 0.9016 0.8871 0.8824 0.8654 0.8943 0.9374
EfficientNet b4 0.8584 0.8594 0.8871 0.8235 0.8571 0.8730 0.9282
(npv; negative predictive value).
Table 4. Rate of change in predicted performance of ensemble model and image only by clinical
variables {Ensemble model/hip radiographs alone (%)}.
Accuracy Precision Recall Specificity npv F1 Score AUC Score
ResNet18 106.7 100.2 115.6 97.7 112.5 108.0 101.1
ResNet34 103.2 105.5 100.0 106.8 101.3 102.6 100.2
GoogleNet 102.1 100.4 104.0 100.0 103.6 102.3 102.9
EfficientNet b3 105.3 101.0 110.0 100.0 109.6 105.5 103.1
EfficientNet b4 106.6 107.0 103.8 110.5 106.0 105.4 105.6
(npv; negative predictive value).
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Figure 3. ROC curves for each of the CNN models with hip radiographs alone and the CNN analysis
with hip radiographs combined with clinical covariates analysis.
3.2. Visualization of Model Classification
Figure 4 depicts the focused visualization area obtained by Guided Grad-CAM. We selected
the ensemble analysis (clinical covariates added to the hip radiographs data) using EfficientNet b3
and EfficientNet b4 with the good performance metrics. In the radiographs of both osteoporosis and
normal patients, the relatively distinct areas of shading around the lesser trochanter were identified as
deep-learned feature areas.
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Figure 4. Visualization of characteristic regions of radiographs of osteoporosis a non-osteoporosis
patient images on Efficientnet b3 and b4.
4. Discussion
This study demonstrated that CNNs can diagnose osteoporosis from hip radiographs with
relatively high accuracy. Moreover, including patient variables involved in routine clinical setting
improved the accuracy of predictions compared to those using the image model alone. The EfficientNet
b3 network exhibited the highest performance (accuracy: 88.5%; recall: 88.7%; F1 score: 0.8943; and
AUC score: 0.9374) in diagnosing osteoporosis from proximal femoral cropped images from entire hip
radiographs among the five networks.
The advantages of our study over previous studies that diagnosed osteoporosis using DL [27]
are that it was based on a larger number of cases, and included more clinically suspicious cases and
patients considered at risk of developing osteoporosis in the future for osteoporosis. The addition
of patient variables offered important information, which improved the sensitivity and AUC score
in particular. Our classification model combines image features and patient factors with the help
of a neural network. We conclude that the diagnostic accuracy improved because we could make
inferences while simultaneously considering vital information related to clinical covariates that cannot
be extracted from images alone. To the best of our knowledge, this was the first study to compare the
relative osteoporosis diagnostic efficiencies of DL systems that use images alone and those that also
use patient variables. The results with relative high sensitivity suggest that the model of the image
with patient variables offers a superior tool for screening osteoporosis in a clinical setting.
The EfficientNet b3 network was the highest accuracy of all the CNNs used in this study.
The diagnostic accuracy varied significantly depending on the difference among the CNNs. We
speculated that factors such as the image quality and quantity would directly affect the analytical
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findings. The worst classification performance was that of the several basic CNNs with relatively few
convolutional layers. It can be inferred that CNN models with few convolutional layers have limited
machine-learning capability for binary classification (in our case, osteoporosis or not) [40].
In this study, the performance of the CNNs was comparable to the diagnostic accuracy in a
similar previous studies using hip radiographs with AUC 0.50–0.86 [27,28]. The area identified by
Grad-CAM also has some test images that are somewhat consistent with the area around the lesser
trochanter, which may allow the diagnosis of osteoporosis. The output of the Grad-CAM is purely for
reference and does not directly imply the prediction itself [17]. Because our model has been trained
for classification but not for localization, it might focus on outside femoral bone as shown by the
Grad-CAM. Nonetheless, it is important to note that the prediction is correct. In the future, it will be
necessary to study a higher number of cases and examine images of various sizes as well as images of
soft-tissue contrast.
Although plain hip radiographs are the preferred approach for diagnosing hip fractures, they not
the gold-standard imaging modality for osteoporosis detection. However, the accuracy for osteoporosis
diagnosis of hip radiographs with DL in this study was comparable to that of fracture detection
reports based on hip radiographs with DL [41–43]. These studies reported that the range of precision
is 90.6–95.5%. Therefore, when hip fractures are diagnosed with hip radiographs, it is possible to
diagnose osteoporosis simultaneously. The strategy of fix and treat, with surgical fixing of the fracture
site and drug treatment for osteoporosis, should become routine in trauma management [44]. With the
DL technique, this can be realized using only hip radiographs and a few patient variables.
The proposed computer-assisted diagnostic system is advantageous owing to its low cost, widely
available radiographic modality, and simple protocol. Furthermore, it reduces measurement errors in
the conventional objective assessment of Singh’s index [9], and those resulting from mal-rotation of the
hip when interpreting BMD values [45]. A previous study on the effect of leg rotation emphasized
the need for proper positioning of the hip during DXA scanning [46]. This is one of the unsolvable
problems of DXA that may be avoided using the DL technique.
In our study, using structured patient covariable data with the images was more efficient for
diagnosing osteoporosis than using the images alone. The patient clinical covariates were found to
be the key features for osteoporosis diagnosis. The results were consistent with those of previous
studies [32,47]. A few studies have been conducted on osteoporosis diagnosis with image and clinical
covariates using DL. An artificial neural network model using clinical symptoms and image features
extracted from lumbar radiographs exhibited an accuracy of 95.8% and an AUC score of 0.95 [48].
The review reported that the range of precision is 76.7–97.9% [49]. In our study, DL using hip
radiographs and patient variables yielded results that were comparable in diagnostic accuracy to
osteoporosis diagnosis by DL using only patient variables [49]. We speculated that adding clinical
covariates to the image models would improve their performance in terms of the information amount
and quality. More complex CNN models may assign greater importance to clinical covariates than to
image information.
Several recommendations can be made for further research. In this study, the images were cropped
to include the femoral head as a preprocessor to diagnose osteoporosis. In the future, it would be
desirable to create a network that can automatically detect osteoporosis by detecting the site of the hip
joint from uncropped hip radiographs. The next challenge will be to apply the technique to diagnosing
osteoporosis by simultaneously detecting the target hip joint from hip radiographs using various
networks, such as region-based CNNs, you only look once, and the single shot multibox detector.
This study has certain limitations. Owing to the narrow selection of CNN models, there may be
differences in the availability of clinical covariates as a result of variations in the CNN structure. New
DL algorithms with deep and wide layers or modified stratification methods are being developed
continually [50]. We need to select an appropriate model for high-quality images that can also
handle clinical covariates. It will thus be necessary to study various other CNN models in the future.
Furthermore, it was difficult to collect a sufficient amount of image data from a single general hospital.
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CNNs with less data can lead to overfitting. In general, deep CNN models trained from pretrained deep
neural networks on large image datasets are effective for general image classification. The accuracy of
CNN classification diagnosis would be improved by increasing the number of images in a multicenter
study. Finally, only four patient variables were considered in this study. Many confounding factors
exist for osteoporosis diagnosis in patients [49]. In a previous comprehensive study, the somatic
factors selected by the support vector machine were age, height, weight, BMI, duration of menopause,
duration of breastfeeding, estrogen therapy, hyperlipidemia, hypertension, osteoarthritis, and diabetes
mellitus [51]. Also, the bone remodeling rate can be assessed by the measurement of bone turnover
markers [52]. Blood sampling is thus a candidate patient variable. Furthermore, BMD and hip geometry
vary according to race and gender. For example, compared to other races, Asians have thicker cortical
bones and lower buckling ratios [53,54]. Big data and additional patient variables will enable greater
accuracy and aid further research.
5. Conclusions
We demonstrated that particular deep CNNs could diagnose osteoporosis from hip radiographs
with high accuracy. In particular, the pretrained EfficientNet b3 exhibited the most accurate performance
among the CNNs we considered. Moreover, adding patient variables as clinical covariates improved
the sensitivity and AUC score for osteoporosis diagnosis. These results may play an important role in
osteoporosis diagnosis in a clinical setting.
Author Contributions: Conceptualization, N.Y.; methodology, N.Y. and A.K.; software, R.G. and A.K.; validation,
R.G. and A.K.; formal analysis, N.Y. and A.K.; investigation, N.Y.; resources, K.N., K.T., H.K., and H.N.;
writing—original draft preparation, N.Y. and S.S.; writing—review and editing, K.N., K.K., Y.F., and T.O.;
visualization, S.S.; supervision, T.N.; project administration, T.O.; funding acquisition, Y.Y. All authors have read
and agreed to the published version of the manuscript.
Funding: This work was supported by JSPS KAKENHI, grant number JP19K19158, JP19K19159.
Acknowledgments: We wish to thank the orthopedic staff members for their contribution to the data collection
in this project: Ryo Fujimura, Kazutaka Yamashita, Tomohiro Inoue, Ryuichiro Okuda, Shiro Fukuoka,
and Tomoo Inoue.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Bone Health and Osteoporosis: A Report of the Surgeon General. US Department of Health and Human Services:
Washington, DC, USA, 2004; Voulme 87, pp. 15–25.
2. Nordin, C. Screening for osteoporosis: U.S. preventive services task force recommendation statement.
Ann. Intern. Med. 2011, 155, 276. [CrossRef] [PubMed]
3. Mitchell, P.J. Fracture Liaison Services: The UK experience. Osteoporos. Int. 2011, 22, 487. [CrossRef]
4. Svendsen, O.L.; Hassager, C.; Skødt, V.; Christiansen, C. Impact of soft tissue on in vivo accuracy of bone
mineral measurements in the spine, hip, and forearm: A human cadaver study. J. Bone Miner. Res. 1995, 10,
868–873. [CrossRef] [PubMed]
5. Lochmüller, E.M.; Krefting, N.; Bürklein, D.; Eckstein, F. Effect of fixation, soft-tissues, and scan projection
on bone mineral measurements with dual energy, X-ray absorptiometry (DXA). Calcif. Tissue Int. 2001, 68,
140–145. [CrossRef] [PubMed]
6. Mueller, D.; Econ, H.; Gandjour, A. Cost-effectiveness of using clinical risk factors with and without DXA for
osteoporosis screening in postmenopausal women. Value Health 2009, 12, 1106–1117. [CrossRef]
7. Victor Sim, M.F.; Stone, M.; Johansen, A.; Evans, W. Cost effectiveness analysis of BMD referral for
DXA using ultrasound as a selective pre-screen in a group of women with low trauma Colles’ fractures.
Technol. Health Care 2000, 8, 277–284.
8. Wani, I.M.; Arora, S. Computer-aided diagnosis systems for osteoporosis detection: A comprehensive survey.
Med. Biol. Eng. Comput. 2020, 58, 1873–1917. [CrossRef]
9. Singh, M.; Nagrath, A.R.; Maini, P.S. Changes in trabecular pattern of the upper end of the femur as an index
of osteoporosis. J. Bone Joint Surg. Am. 1970, 52, 457–467. [CrossRef]
Biomolecules 2020, 10, 1534 11 of 13
10. Exton-Smith, A.N.; Millard, P.H.; Payne, P.R.; Wheeler, E.F. Method for measuring quantity of bone. Lancet
1969, 294, 1153–1154. [CrossRef]
11. Nguyen, B.N.T.; Hoshino, H.; Togawa, D.; Matsuyama, Y. Cortical thickness index of the proximal femur:
A radiographic parameter for preliminary assessment of bone mineral density and osteoporosis status in the
age 50 years and over population. CiOS Clin. Orthop. Surg. 2018, 10, 149–156. [CrossRef] [PubMed]
12. Sah, A.P.; Thornhill, T.S.; LeBoff, M.S.; Glowacki, J. Correlation of plain radiographic indices of the hip with
quantitative bone mineral density. Osteoporos. Int. 2007, 18, 1119–1126. [CrossRef] [PubMed]
13. Yeung, Y.; Chiu, K.Y.; Yau, W.P.; Tang, W.M.; Cheung, W.Y.; Ng, T.P. Assessment of the Proximal Femoral
Morphology Using Plain Radiograph-Can it Predict the Bone Quality? J. Arthroplasty 2006, 21, 508–513.
[CrossRef]
14. Lee, S.; Choe, E.K.; Kang, H.Y.; Yoon, J.W.; Kim, H.S. The exploration of feature extraction and machine
learning for predicting bone density from simple spine X-ray images in a Korean population. Skeletal Radiol.
2020, 49, 613–618. [CrossRef] [PubMed]
15. Ferizi, U.; Honig, S.; Chang, G. Artificial intelligence, osteoporosis and fragility fractures. Curr. Opin.
Rheumatol. 2019, 31, 368–375. [CrossRef] [PubMed]
16. Hwang, J.J.; Lee, J.H.; Han, S.S.; Kim, Y.H.; Jeong, H.G.; Choi, Y.J.; Park, W. Strut analysis for osteoporosis
detection model using dental panoramic radiography. Dentomaxillofac. Radiol. 2017, 46, 20170006. [CrossRef]
17. Lee, K.-S.; Jung, S.-K.; Ryu, J.-J.; Shin, S.-W.; Choi, J. Evaluation of Transfer Learning with Deep Convolutional
Neural Networks for Screening Osteoporosis in Dental Panoramic Radiographs. J. Clin. Med. 2020, 9, 392.
[CrossRef]
18. Dimai, H.P.; Ljuhar, R.; Ljuhar, D.; Norman, B.; Nehrer, S.; Kurth, A.; Fahrleitner-Pammer, A. Assessing the
effects of long-term osteoporosis treatment by using conventional spine radiographs: Results from a pilot
study in a sub-cohort of a large randomized controlled trial. Skeletal Radiol. 2019, 48, 1023–1032. [CrossRef]
19. Areeckal, A.S.; Kamath, J.; Zawadynski, S.; Kocher, M. Combined radiogrammetry and texture analysis for
early diagnosis of osteoporosis using Indian and Swiss data. Comput. Med. Imaging Graph. 2018, 68, 25–39.
[CrossRef]
20. Areeckal, A.S.; Jayasheelan, N.; Kamath, J.; Zawadynski, S.; Kocher, M.; David, S.S. Early diagnosis of
osteoporosis using radiogrammetry and texture analysis from hand and wrist radiographs in Indian
population. Osteoporos. Int. 2018, 29, 665–673. [CrossRef]
21. Schreiber, J.J.; Kamal, R.N.; Yao, J. Simple Assessment of Global Bone Density and Osteoporosis Screening
Using Standard Radiographs of the Hand. J. Hand Surg. Am. 2017, 42, 244–249. [CrossRef] [PubMed]
22. Tecle, N.; Teitel, J.; Morris, M.R.; Sani, N.; Mitten, D.; Hammert, W.C. Convolutional Neural Network for
Second Metacarpal Radiographic Osteoporosis Screening. J. Hand Surg. Am. 2020, 45, 175–181. [CrossRef]
[PubMed]
23. Hussain, D.; Han, S.M. Computer-aided osteoporosis detection from DXA imaging. Comput. Methods
Programs Biomed. 2019, 173, 87–107. [CrossRef]
24. Lee, J.H.; Kim, G.Y.; Hwang, Y.N.; Park, S.Y.; Kim, S.M. Classification of osteoporosis by extracting the
microarchitectural properties of trabecular bone from DXA scans based on thresholding technique. J. Med.
Imaging Health Inform. 2015, 5, 1782–1789. [CrossRef]
25. Germán, G.; George, R.W.; Raúl, S.J.E. Deep learning for biomarker regression: Application to osteoporosis
and emphysema on chest CT scans. In Medical Imaging 2018: Image Processing; International Society for
Optics and Photonics: Houston, TX, USA, 2018; Volume 10574. [CrossRef]
26. Valentinitsch, A.; Trebeschi, S.; Kaesmacher, J.; Lorenz, C.; Löffler, M.T.; Zimmer, C.; Baum, T.; Kirschke, J.S.
Opportunistic osteoporosis screening in multi-detector CT images via local classification of textures.
Osteoporos. Int. 2019, 30, 1275–1285. [CrossRef]
27. Sapthagirivasan, V.; Anburajan, M. Diagnosis of osteoporosis by extraction of trabecular features from hip
radiographs using support vector machine: An investigation panorama with DXA. Comput. Biol. Med. 2013,
43, 1910–1919. [CrossRef]
28. Rastegar, S.; Vaziri, M.; Qasempour, Y.; Akhash, M.R.; Abdalvand, N.; Shiri, I.; Abdollahi, H.; Zaidi, H.
Radiomics for classification of bone mineral loss: A machine learning study. Diagn. Interv. Imaging 2020, 101,
599–610. [CrossRef]
Biomolecules 2020, 10, 1534 12 of 13
29. Badgeley, M.A.; Zech, J.R.; Oakden-Rayner, L.; Glicksberg, B.S.; Liu, M.; Gale, W.; McConnell, M.V.; Percha, B.;
Snyder, T.M.; Dudley, J.T. Deep learning predicts hip fracture using confounding patient and healthcare
variables. NPJ Digit. Med. 2019, 2, 1–10. [CrossRef]
30. Watts, N.B. Fundamentals and pitfalls of bone densitometry using dual-energy X-ray absorptiometry (DXA).
Osteoporos. Int. 2004, 15, 847–854. [CrossRef]
31. Cosman, F.; de Beur, S.J.; LeBoff, M.S.; Lewiecki, E.M.; Tanner, B.; Randall, S.; Lindsay, R. Clinician’s Guide to
Prevention and Treatment of Osteoporosis. Osteoporos. Int. 2014, 25, 2359–2381. [CrossRef]
32. Chiu, J.S.; Li, Y.C.; Yu, F.C.; Wang, Y.F. Applying an artificial neural network to predict osteoporosis in the
elderly. Stud. Health Technol. Inform. 2006, 124, 609–614. [PubMed]
33. Robinson, C.M.; Royds, M.; Abraham, A.; McQueen, M.M.; Court-Brown, C.M.; Christie, J. Refractures in
patients at least forty-five years old: A prospective analysis of twenty-two thousand and sixty patients.
J. Bone Jt. Surg. Ser. A 2002, 84, 1528–1533. [CrossRef] [PubMed]
34. He, K.; Zhang, X.; Ren, S.; Sun, J. Deep residual learning for image recognition. Proc. IEEE Comput. Soc. Conf.
Comput. Vis. Pattern Recognit. 2016, 2016, 770–778.
35. Szegedy, C.; Liu, W.; Jia, Y.; Sermanet, P.; Reed, S.; Anguelov, D.; Erhan, D.; Vanhoucke, V.; Rabinovich, A.
Going deeper with convolutions. In Proceedings of the IEEE Computer Society Conference on Computer
Vision and Pattern Recognition, Boston, MA, USA, 7–12 June 2015. [CrossRef]
36. Tan, M.; Le, Q.V. EfficientNet: Rethinking model scaling for convolutional neural networks. In Proceedings
of the ICML 2019: 36th International Conference on Machine Learning, San Diego, CA, USA, 9–15 June 2019.
37. Sukegawa, S.; Yoshii, K.; Hara, T.; Yamashita, K.; Nakano, K.; Yamamoto, N.; Nagatsuka, H.; Furuki, Y. Deep
neural networks for dental implant system classification. Biomolecules 2020, 10, 984. [CrossRef]
38. Selvaraju, R.R.; Cogswell, M.; Das, A.; Vedantam, R.; Parikh, D.; Batra, D. Grad-CAM: Visual Explanations
from Deep Networks via Gradient-Based Localization. Int. J. Comput. Vis. 2020, 128, 336–359. [CrossRef]
39. Springenberg, J.T.; Dosovitskiy, A.; Brox, T.; Riedmiller, M. Striving for simplicity: The all convolutional
net. In Proceedings of the 3rd International Conference on Learning Representations, ICLR 2015,
San Diego, CA, USA, 7–9 May 2015.
40. Liu, L.; Shen, C.; Van Den Hengel, A. Cross-Convolutional-Layer Pooling for Image Recognition. IEEE Trans.
Pattern Anal. Mach. Intell. 2017, 39, 2305–2313. [CrossRef]
41. Urakawa, T.; Tanaka, Y.; Goto, S.; Matsuzawa, H.; Watanabe, K.; Endo, N. Detecting intertrochanteric hip
fractures with orthopedist-level accuracy using a deep convolutional neural network. Skeletal Radiol. 2019,
48, 239–244. [CrossRef]
42. Adams, M.; Chen, W.; Holcdorf, D.; McCusker, M.W.; Howe, P.D.L.; Gaillard, F. Computer vs. human: Deep
learning versus perceptual training for the detection of neck of femur fractures. J. Med. Imaging Radiat. Oncol.
2019, 63, 27–32. [CrossRef]
43. Cheng, C.T.; Ho, T.Y.; Lee, T.Y.; Chang, C.C.; Chou, C.C.; Chen, C.C.; Chung, I.F.; Liao, C.H. Application
of a deep learning algorithm for detection and visualization of hip fractures on plain pelvic radiographs.
Eur. Radiol. 2019, 29, 5469–5477. [CrossRef]
44. Smith, M.; Giannoudis, P.V. Fragility fractures: A complex interaction of the health care system- the patient
and the bone: Can we do better? Injury 2017, 48, S1–S3. [CrossRef]
45. Lekamwasam, S.; Lenora, R.S.J. Effect of Leg Rotation on Hip Bone Mineral Density Measurements. J. Clin.
Densitom. 2003, 6, 331–336. [CrossRef]
46. Rosenthall, L. Range of change of measured BMD in the femoral neck and total hip with rotation in women.
J. Bone Miner. Metab. 2004, 22, 496–499. [CrossRef] [PubMed]
47. Morin, S.; Tsang, J.F.; Leslie, W.D. Weight and body mass index predict bone mineral density and fractures in
women aged 40 to 59 years. Osteoporos. Int. 2009, 20, 363–370. [CrossRef] [PubMed]
48. Yu, X.; Ye, C.; Xiang, L. Application of artificial neural network in the diagnostic system of osteoporosis.
Neurocomputing 2016, 214, 376–381. [CrossRef]
49. Cruz, A.S.; Lins, H.C.; Medeiros, R.V.A.; Filho, J.M.F.; Silva, S.G. Artificial intelligence on the identification of
risk groups for osteoporosis, a general review. Biomed. Eng. Online 2018, 17, 12. [CrossRef]
50. Wang, A.; Wang, M.; Wu, H.; Jiang, K.; Iwahori, Y. A novel LiDAR data classification algorithm combined
capsnet with resnet. Sensors 2020, 20, 1151. [CrossRef]
Biomolecules 2020, 10, 1534 13 of 13
51. Yoo, T.K.; Kim, S.K.; Kim, D.W.; Choi, J.Y.; Lee, W.H.; Oh, E.; Park, E.C. Osteoporosis risk prediction for bone
mineral density assessment of postmenopausal women using machine learning. Yonsei Med. J. 2013, 54,
1321–1330. [CrossRef]
52. Wu, C.H.; Chang, Y.F.; Chen, C.H.; Lewiecki, E.M.; Wüster, C.; Reid, I.; Tsai, K.S.; Matsumoto, T.;
Mercado-Asis, L.B.; Chan, D.C.; et al. Consensus Statement on the Use of Bone Turnover Markers
for Short-Term Monitoring of Osteoporosis Treatment in the Asia-Pacific Region. J. Clin. Densitom. 2019.
[CrossRef]
53. Kim, K.M.; Brown, J.K.; Kim, K.J.; Choi, H.S.; Kim, H.N.; Rhee, Y.; Lim, S.K. Differences in femoral neck
geometry associated with age and ethnicity. Osteoporos. Int. 2011, 22, 2165–2174. [CrossRef]
54. Kanis, J.A.; Burlet, N.; Cooper, C.; Delmas, P.D.; Reginster, J.Y.; Borgstrom, F.; Rizzoli, R. European guidance
for the diagnosis and management of osteoporosis in postmenopausal women. Osteoporos. Int. 2008, 19,
399–428. [CrossRef]
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
